Introduction
Ischemia-reperfusion injury (IRI) is a significant source of morbidity in renal transplantation, as well as other medical scenarios including cardiac arrest, cardiopulmonary bypass and trauma. Despite maneuvers to mitigate this process, IRI and manifestations of early allograft dysfunction occur in 30% of renal transplant recipients and are associated with poorer long-term outcomes (1) (2) (3) . Organ shortage has led to acceptance of grafts with greater degrees of baseline ischemic insult, secondary to either the mode of donor death or to overall donor co-morbidities (4, 5) . This may contribute to the fact that while short-term graft survival has steadily improved, long-term graft survival has been essentially unchanged over nearly two decades (6) (7) (8) (9) . Loss of renal transplant function is a predictor of death, including death from cardiovascular causes (10) . As such, it is critical to gain a more thorough understanding of the molecular mechanisms leading to IRI, in order to develop new strategies for injury prevention and treatment. IRI, as the name implies, is a two-phase event. Initially, an ischemic insult induces ATP depletion, mitochondrial dysfunction and release of calcium, protease complexes and free radicals. Reperfusion of this damaged tissue then activates innate immune pathways causing cellular apoptosis and adaptive immune responses, which can be locally destructive (5) .
We hypothesize that histone/protein deacetylases (HDACs) contribute significantly to IRI. HDACs are a highly conserved family of proteins that remove acetyl groups from DNA-associated histone proteins around which chromosomes are supercoiled. Acetylation disrupts the association between positively charged histone tails and negatively charged DNA, and de-acetylation reverses this.
In this manner HDACs, and their counterparts, the histone/ protein acetyltransferases (HATs), regulate access of large transcriptional complexes to promoter sites on coiled segments of chromosome, leading to gene activation or silencing (11) . HDACs are now known to also regulate the acetylation of >1750 non-histone proteins (12) .
HDACs are subdivided by homologous structure and function into several classes. Class I HDACs (HDAC-1, -2, -3, -8) are notable for ubiquitous expression and nuclear localization. Class IIa HDACs (HDAC-4, -5, -7, -9) generally have negligible or only weak deacetylase activity, shuttle between the nucleus and cytoplasm, and are regulated by intracellular kinase cascades. Class IIb (HDAC-6, -10) are distinguished by containing two separate catalytic domains (13) . It is now clear that HDACs also deacetylate nonhistone proteins in order to participate in more generalized signaling mechanisms and transcriptional regulatory pathways, and these effects may be more important than those involving histone acetylation (14) . These targets include heat shock protein 90 (Hsp90) (15) and heat shock factor protein-1 (HSF-1) (16), both known components of renal IRI, which when acetylated during stress lead to HSF-1 nuclear translocation and induction of a number of genes including Hsp70, a protein known to be highly expressed during IRI and other modalities of cell stress (17) (18) (19) (20) (21) (22) (23) (24) .
We hypothesized that HDAC inhibition would lead to improved IRI tolerance in murine models of renal IRI, and that by assessing the class specificity of this process, we might identify whether the effects were mediated by gene regulation or by induction of heat shock responses.
Materials and Methods

IRI model
Briefly, wild-type (WT) C57BL/6 female adult mice (Jackson Laboratories, Bar Harbor, ME) weighing 18-25 g were treated with DMSO control or TSA (1 mg/kg in DMSO) (Selleck Chemicals, London, ON, Canada) (25), a pan-HDAC inhibitor, by intraperitoneal injection 16 hours before IRI and again just prior to the start of the warm ischemia procedure. Alternate experiments utilized the same administration pattern with class I-specific HDACi, MS-275, at 3 mg/kg in DMSO (Selleck Chemicals) (26) (27) (28) . To achieve adequate experimental warm-ischemia, mice were anesthetized with pentobarbital sodium (65 mg/kg IP). After anesthetic, they were placed in a temperaturecontrolled operative apparatus. Core body temperature was continuously measured and maintained at 36.0 AE 0.5 8C. Under an operating microscope, the left renal pedicle exposed and clamped for 28 minutes with a microvascular clip (Roboz Surgical Instrument, Gaithersburg, MD). After the clamp was released, the right kidney was exposed and removed. After closure, animals were subcutaneously injected with 100 mL/kg of warm saline after the operation to ensure hydration. Animals were kept in an incubator (37 8C) until awake. Postoperatively, plasma BUN was assessed daily for 4 days, and then weekly, using an i-STAT Analyzer with 6þ cartridges (Abbott Labs, Lake Forest, IL). These cartridges have a maximum BUN reading of 140 mg/dl. Mice were given access to water ad lib postprocedure. All animal protocols adhered to the NIH Guide for the Care and Use of Laboratory Animals and were performed in an AAALAC accredited facility.
Cold ischemia renal transplant model TSA (1 mg/kg in DMSO) was administered I.P. to donors and recipients of renal transplants 16 hours and just prior to the ischemia event (donor) and 16 hours and just prior to the renal implantation (recipient). DMSO alone was administered to control donors and recipients. The organ procurement and transplant procedure was used per published technique with the exception that we implanted the ureter directly into the bladder with a purse string bladder suture (29) . After donor procurement, the donor kidney was flushed with 0.5 mL of UW solution and stored in an ice bath in a cold room for 18 hours. Implantation was timed to be reperfused at 18 hours after procurement. Graft sew-in time was standardized at 30 minutes. Due to extensive cold ischemia injury, native nephrectomy was performed at 1 week after transplant in one group and 30 days after transplant in another group to allow for determination of transplant graft function or long-term fibrosis respectively.
Tissue collection
Under terminal general anesthesia, the left kidney was harvested at the indicated time and divided into four parts and frozen in liquid nitrogen for the extraction of protein or RNA, paraffin embedded for histopathology, and snap-frozen for immunoperoxidase staining (30) .
RNA isolation and quantitative PCR
RNA extraction and purification was performed using TRIzol reagent (Invitrogen, Carlsbad, CA). RNA was reverse transcribed to cDNA using TaqMan reverse transcription reagents (ABI, Grand Island, NY). Quantitative PCR was performed using gene-specific primers and TAMRA-labeled FAM probes. Samples were run on an ABI PRISM 7000 Sequence Detection System with comparative method normalized to ribosomal RNA and analyzed using Sequence Detector 7.1 (ABI).
Western blotting
Cell lysates prepared from mouse kidneys were separated by SDS-PAGE, transferred to PVDF membranes and immunoblotted using the primary antibody anti-Hsp70 (1:1000, Millipore) and second antibody (Santa Cruz).
Histopathology analysis
Nephrectomy specimens were fixed in 10% neutral buffered formalin and embedded in paraffin. Histologic sections (4 mm) were stained with hematoxylin and eosin (H&E), and trichrome, and reviewed by a pathologist (TRB) blinded to conditions. Additional sections were stained as a single group with Sirius Red for quantification of fibrosis by digital image analysis. Sirius Red-stained sections were scanned using the Aperio ScanScope 1 CS slide scanner (Aperio Technologies, Vista, CA). Whole slide digitized images were analyzed using the Aperio ImageScope software (version 10.0.1346.1807; Aperio Technologies, Vista, CA; http://www.aperio.com/ download.asp) using an algorithm optimized for detection of fibrosis (red staining of collagen fibers) as a percentage of the total volume of tissue on the slide. Subcapsular areas were excluded to limit the analysis to parenchymal changes.
Statistical analysis
BUN was compared between groups at various time points using the student t-test and curves were compared using ANOVA -a log scale was used to correct for flattening of the curve due to a cap on peak detectable BUN. Cold ischemia survival was determined by Kaplan-Meier analysis. Sirius red percentage by group was compared pairwise using MannWhitney U analysis, and among all groups using ANOVA. Statistical analysis performed with GraphPad Prism software (La Jolla, CA).
Results
Pan-HDAC inhibition and early renal function after warm IRI Unilateral renal IRI with contralateral nephrectomy was carried out under tightly controlled temperature conditions. Female C57BL/6 adult mice were used throughout. Twenty-eight minutes of warm ischemia yielded a consistently survivable and significant injury, with a mean 24-hour BUN peak of 137 AE 8.9 (n ¼ 23). To assess the effect of pan-HDAC inhibition, 1 mg/kg of trichostatin (TSA) in dimethylsulfoxide (DMSO) was administered intraperitoneally 16 hours before, and again just prior to, renal IRI. Controls received DMSO alone at the same time points. Blood urea nitrogen (BUN) was assessed every 24 hours for the first 4 days after IRI ( Figure 1A ). TSA-treated mice (n ¼ 11) had a lower mean BUN peak at 24 hours, and area-under-curve analysis demonstrated significantly lower BUN levels over the entire curve up to 96 hours, compared to DMSO treated controls (n ¼ 23) (p < 0.001). The maximum detectable level of BUN using the cartridge-based assay was 140, so that any level above 140 would yield a reading of 140-this caps the maximum detectable value.
Pan HDAC inhibition and fibrosis formation after warm IRI At 30 days after IRI, mice were sacrificed and kidney tissue was preserved as described. Kidneys that had been treated with TSA prior to IRI demonstrated lower tubular injury and inflammation by a four-stage scoring system, and showed less fibrosis by trichrome staining. To better quantify differences in fibrosis, a whole slide computer-scored, Sirius Red-based fibrosis assessment was performed ( Figure 2 ). Mice treated with TSA prior to IRI developed significantly less fibrosis than DMSO treated controls (p < 0.0004).
Lymphocyte migration after warm IRI
We have shown that pan-HDACi use can accentuate the function of T-regulatory (Treg) cells (30) (31) (32) (33) (34) . To assess whether IRI was accompanied by an influx of T cells generally, or Tregs specifically, we performed immunohistochemistry on kidney sections taken at various times from 1 to 28 days after IRI, comparing DMSO-treated controls to TSA-treated mice. There was a modestly increased infiltration of T cells into the kidneys at 4 days after IRI in TSA-treated mice, compared to controls ( Figure S1 ). However, at 14 and 28 days, T cell infiltrates in TSA-treated mice were diminishing, whereas the DMSO-treated controls continued to have significant T cell-rich infiltrates for up to 28 days post-IRI. Treg were rarely seen in either condition, making determinative effects unlikely.
Histone acetylation after warm IRI To assess the effects of TSA on histone acetylation in the kidneys of treated mice, we stained renal sections for acetylated histone 3 (acH3) at several time-points within 24 hours of IRI. As anticipated, we found that H3 lysine acetylation (acH3K9) was significantly increased in TSAtreated samples relative to control ( Figure 3 ).
Class-specific HDAC inhibition and warm IRI
To assess HDAC class-specificity of renal protection, we utilized a class I specific HDAC inhibitor, MS-275, with the same dosing regimen and the same renal IRI protocol as in our studies with TSA. We found that MS-275-treated mice had lower BUN in the 4 days after renal IRI (p < 0.01), and developed less fibrosis at 28 days compared to DMSO controls (p < 0.01), although the effects were somewhat diminished compared to pan-HDAC inhibition with TSA ( Figures 1A and 2 ). Pan-HDAC inhibited mice (TSA-treated) had significantly lower BUN curves compared to class-I HDAC-(MS-275) treated mice (p < 0.01). No class II-specific HDAC inhibitors exist at this time. HDAC6 is a prominent HDAC class II member, so to assess the role that class II HDAC has on the process of renal IRI, we performed renal IRI in mice with germ-line deletion of HDAC6 (HDAC6 À/À ) compared to wild-type controls ( Figure 1B) . HDAC6 À/À mice had equivalent BUN at four daily time-points after renal IRI compared to wild-type controls, (p ¼ 0.72). HDAC6 plays a significant role in HSF-1 localization and trafficking, diminishing the likely import of HSF-1 effects here (35) . Thus the majority of the benefit of using pan HDAC inhibitors in renal IRI seems to reside in the class I-specific effects.
HDAC inhibition and cold IRI
In order to further test the impact of HDAC inhibition on ischemia tolerance, we utilized a renal transplant model of cold ischemia, with 18 hours of cold storage in UW solution in an ice bath and then standardized timing of renal transplantation (30 minutes) from B6 female donors to B6 female recipients. Experimental donors and recipients were given TSA I.P. and controls received treatment with DMSO alone. This model induces greater injury that the warm IRI model so early graft dysfunction can compromise survival. Thus, we compared two groups: in the first, native nephrectomies were performed 7 days after transplant and subsequent renal function of the transplanted kidney and recipient survival were tabulated. TSA-treated pairs had 4/5 recipients survive to 30 days after native nephrectomy. Controls had 2/5 survive to 30 days. This trend to survival benefit with TSA treatment did not meet significance due to small numbers, limited by the complexity of the procedure (p ¼ 0.32) ( Figure 1C ). Because there was significant mortality in the control group, we wished to assess a complete second group of survivors for fibrosis development at 30 days after transplant. We thus delayed native nephrectomy until 30 days after transplant to allow for fibrosis to develop in the transplanted kidney. At 30 days, we sacrificed the animals, then compared Sirius Red percentage in the grafts. Tissue damage and fibrosis was more significant in this model than in the warm IRI model and strong positive Sirius Red percentage was judged to be most representative of fibrosis extent by a blinded pathologist. Sirius Red percentage in the TSA-treated group (n ¼ 6) was significantly less than in the control group (n ¼ 7) (p ¼ 0.008), indicating substantial protection from fibrosis with TSA ( Figure 2C ).
Gene expression in renal tissue
Since HDAC inhibition can, in theory, alter the expression of any gene, we wished to pursue a targeted analysis of genes known to be associated with IRI tolerance or heat shock, as opposed to broad genome-wide analysis that would be prone to identify a large number of differences in expression of unknown significance. Utilizing quantitative PCR, we determined that a number of identified heat shock proteins and modulators of heat shock response (Hsp70, Hsp72, Hsp90, Hsf1) had either no change or significantly lower expression in TSA-treated animals at a number of time points after IRI relative to controls ( Figure 4A ). Constitutively expressed Hsp72 did have higher expression before IRI in TSA-treated mice compared to controls, but post-ischemia expression was nearly identical. To confirm the lack of induction of Hsp70 in HDAC inhibitor-treated mice, we performed Western blotting and confirmed significant diminution of Hsp70 protein in post-IRI kidney specimens treated with HDAC inhibitor compared to controls ( Figure 4B ). We also did not find enhanced Hsp70 protein expression by immunohistochemistry on sections of kidneys from TSA-treated mice compared to DMSO-treated mice ( Figure S2 ).
We subsequently determined gene expression of other known mediators of IRI tolerance including heme oxygenases, nitric oxide synthase (NOS), TNF-a, IL-6 and toll-like receptors (TLR-2 and -4) in kidney tissue ( Figure 4C ). NOS-2 expression was slightly increased in TSA-treated kidneys relative to controls, but these differences did not meet significance. Heme oxygenase expression was significantly decreased in TSA-treated kidneys relative to controls. TSAtreated mice had greater gene expression of TLR2 compared to controls at 24 and 48 hours after IRI. Other gene expression differences were not significant. None of these expression differences appeared to be significant enough to explain the IRI differences seen phenotypically.
Lastly, we wished to determine expression levels of micro-RNA21 (miR-21), the overexpression of which has been shown to be protective of renal tubular epithelium and whose expression is diminished in ischemic kidneys (36) . We determined that miR-21 was not overexpressed prior to injury, but was significantly overexpressed at 2 and 24 hours after IRI relative to control kidneys ( Figure 4A) . The control kidneys eventually demonstrated a rise in mir-21 at 48 hours after IRI. We then determined that programmed cell death protein-4 (PDCD-4), expression, which rises in arrested tubular cells, had a spike in mRNA expression in control mice at 2 hours after IRI, but diminished in TSA-treated mice after IRI ( Figure 4A ).
Heat shock protein-70 and IRI
Because we demonstrated diminished inducible Hsp70 mRNA and protein expression in kidneys treated with HDAC inhibitors and these kidneys exhibited significantly improved IRI tolerance and less fibrosis formation, we wished to directly assess the effects of Hsp70 on renal IRI. Using mice either overexpressing Hsp70 (22) or deficient in both Hsp70.1 and Hsp70.3 due to germline gene deletions (37), we assessed the impact of Hsp70 modulation on renal IRI. As our mice lacking Hsp70 were on the B6.129 background, which has an intrinsically improved IRI tolerance compared to B6, we utilized 50 minutes of warm IRI in the B6.129 Hsp70 À/À mice and B6.129 controls to generate equivalent injury as in the B6 mice at 28 minutes. There was no significant difference in renal function or recovery in mice lacking Hsp70, compared to controls, after standardized IRI (p ¼ 0.95). We then assessed fibrosis formation and again found no significant difference between control and mice lacking both inducible Hsp70 genes (p ¼ 0.75) (Figure 5A-B) . In mice overexpressing Hsp70, we saw no significant improvement in renal IRI tolerance either by early renal function after IRI (p ¼ 0.53) or in terms of fibrosis formation after IRI, compared to controls (p ¼ 0.81) (Figure 5C-D) . In mice overexpressing Hsp70 or lacking Hsp70 there was no significant compensatory modulation in Hsp90 protein level as detected by Western blotting ( Figure S3 ). These findings call into question the importance of inducible Hsp70 in renal IRI tolerance.
Discussion
Renal ischemic injury is intrinsic to renal transplantation but also is a common and currently untreatable clinical problem in trauma, cardiovascular surgery, and endovascular procedures. Despite decades of research into mechanism of ischemic injury, no modifiable factors have emerged into the clinical mainstream to alter the tolerance of ischemic injury.
We have determined that treatment with a pan-HDACi, TSA, just prior to renal ischemic injury is protective of renal function in the early phase after injury, and is associated with a substantial diminution of fibrosis long-term after renal IRI. Lesser protection of early renal function was engendered by the class I HDACi, MS-275, although renal fibrosis formation was mitigated similarly to TSA treatment. HDAC6-deficient mice did not have altered tolerance of renal IRI, indicating that elimination of this major class II HDAC does not improve IRI tolerance. Thus, much of the IRI tolerance improvement is derived from class I HDAC inhibition.
We also determined that pan-HDAC inhibition with TSA leads to significant protection from fibrosis and preservation of renal function in a renal transplant-based cold ischemia model and TSA-treated mice had a trend toward greater survival of 18 hours cold renal IRI that did not reach significance due in large part to the limitation of small numbers in this procedure that requires multiple survival surgeries. This lends significant support to the proof of concept that HDAC inhibition can protect versus cold ischemia injury in a transplant setting.
We subsequently investigated gene expression and determined that pan-HDAC inhibitor use does not lead to significantly altered renal expression of many of the typical genes associated with improved IRI tolerance in the laboratory setting, including heme oxygenase 1 and 2, nitric oxide synthase 2, TNF-a, and IL-6. Heme oxygenase 1 expression was actually diminished in TSAtreated kidneys after IRI, compared to the significant induction seen in control mice. Genes encoding the major inducible heat shock proteins and Hsf1 were not induced in TSA-treated kidneys after IRI, relative to control mice. In aggregate, these data indicate that the beneficial effects of HDAC inhibition are likely not mediated by many of the typical known pathways of IRI tolerance (38, 39) .
Some possible mechanistic data is derived from miR-21 expression, which is significantly induced in TSA-treated kidney relative to control. This induction was not present at time zero, but miR-21 expression was significantly induced at 2 and 24 hours after IRI, along with concomitant failure to induce PDCD-4 at 2 hours after IRI in renal tissue of TSA-treated mice. PDCD-4 is a marker of tubular cell cycle arrest, and preservation of cell cycling in tubular cells may be a cause or effect of renal protective effects via TSA treatment (36, 40) . This significant increase in miR-21 expression at early time points after IRI suggests a possible mechanistic explanation for the improved injury response seen in the HDACi-treated kidneys, as miR-21 expression is a regulatory element involved in renal injury tolerance (36, 40) .
MS-275-treated kidneys (class I HDACi) had substantial anti-fibrotic effects, consistent with prior reports that have demonstrated renal fibrosis protection via class I HDAC deletion or inhibition in models of unilateral ureteral obstruction (UUO)-induced renal fibrosis (41, 42) . While epithelial to mesenchymal transformation as studied in the ureteral obstruction models is not concordant with an ischemia response, the post-injury fibrosis expression may follow a common pathway that can be mitigated with class I HDAC inhibition (41) (42) (43) (44) .
It was clear that the major inducible form of Hsp70 was not important for renal IRI tolerance in our system, in contrast to other work (45) (46) (47) . We saw neither diminution of renal tolerance of IRI in mice lacking inducible Hsp70, nor improvement of IRI tolerance in mice overexpressing Hsp70. Few studies have directly tested the effect that deletion of Hsp70 or other HSPs have on IRI tolerance. When directly tested in vivo, lack of protection has been seen even in cases where HSP induction has been protective of renal tubular cells in culture (48) . It is possible that the pro-inflammatory effects of HSP release may mitigate the potential cellular benefits of HSP overexpression (49, 50) . Independent of the mechanism, we show that class I HDAC inhibition substantially improves renal IRI tolerance in vivo, while diminishing Hsp70 and Hsf1 expression compared to controls.
There has been one prior investigation of HDAC inhibition in renal ischemia protection (51) . That study was based involved a proprietary compound (4-(phenylthio)butanoic acid [PTBA]) with HDAC inhibitory properties and which expanded renal progenitor cells in zebrafish embryos (52) , provided modest renal functional protection in a mouse model of moderate IRI, and protected against renal fibrosis formation in a model of severe ischemia (51) . The group did not utilize more widely studied HDACi compounds such as TSA, MS-275, or SAHA (suberoylanilide hydroxamic acid) because of concerns about nephrotoxicity in their zebrafish screening assays. The HDAC class specificity of PTBA is not publicly defined. We view this work and ours to be complementary with unique points of each.
There are several notable aspects of our work. First, we have defined the HDAC class specificity of the renal protection process, and have demonstrated that there is some greater anti-fibrotic protection relative to early renal functional preservation with class I HDAC inhibition compared to pan-HDAC inhibition. Second, we have done so with drugs that have been better studied and are more generally available than previous studies (53) . Third, we have demonstrated protection from cold ischemia injury using HDAC inhibitors. Lastly, we have ruled out pre-induction of HSP responses, which would be expected if class II HDAC inhibition were responsible for these effects, as well as conventional mechanisms of renal protection such as the heme-oxygenase and nitric oxide synthase pathways as contributors to this protective effect. IRI tolerance was not affected by Hsp70 deletion or overexpression which is an important finding not previously described.
There are limitations of this work. The HDAC inhibitor treatments in this study were applied at 16 hours and 30 minutes prior to ischemia. This could provide a possible intervention in situations where renal ischemia can be predicted with some degree of reliability, such as in transplantation, cardiac bypass, and vascular surgery, but is less useful for unpredictable acute events such as trauma and sepsis. This limitation is being further studied with treatment limited to the immediate peri-ischemia event or post-ischemia treatment, although preliminary data indicates lesser effects. Additionally, since HDAC inhibition can impact the expression of any gene by altering histone-regulated gene accessibility, determining the exact mechanism involved in renal protection is challenging, although we have ruled out a number of pathways through direct testing or assessment of gene expression with and without HDAC inhibitor treatment. Our identification of the miR-21/PDCD4 pathway yields avenues for further investigation.
Renal ischemia is a prevalent and costly medical problem with no currently approved intervention. Our finding that we can substantially mitigate renal dysfunction and the formation of renal fibrosis with transient HDACi use provides a promising target for further study.
